The folding pathways of gas-phase cytochrome c ions produced by electrospray ionization have been studied by an ion trapping/ion mobility technique that allows conformations to be examined over extended timescales (10 ms to 10 s). The results show that the ϩ9 charge state emerges from solution as a compact structure and then rapidly unfolds into several substantially more open structures, a transition that requires 30-60 ms; over substantially longer timescales (250 ms to 10 s) elongated states appear to refold into an array of folded structures. The new folded states are less compact than those that are apparent during the initial unfolding. Apparently, unfolding to highly open conformations is a key step that must occur before ϩ9 ions can sample more compact states that are stable at longer times. . Recently, structural studies of ions in the gas phase have attracted significant attention as a means of studying intrinsic interactions of biomolecules in the absence of solvent to further understand fundamental aspects of protein folding. Examination of gas-phase structure/ conformations of protein ions has primarily been studied by ion mobility [4, 5] and gas-phase hydrogendeuterium exchange [6-10] methods, with some recent studies [11, 12] using the "gentle" dissociation process of electron capture dissociation (ECD) [13] . In addition, unfolding and folding transitions of gas-phase ions have been studied by exciting the ions via laser irradiation [8, 11, 12] or energetic collisions [5, 8, 9] followed by analysis of structure/conformation by the aforementioned methods. The advantages of studying gas-phase ions is that one is able to study not only "naked" ions' intrinsic physical and chemical properties, but also the stepwise solvation of these ions [14 -16].
C
haracterizing the nature and roles of intermediates that are formed as a protein folds is central to understanding the folding problem [1] [2] [3] . Recently, structural studies of ions in the gas phase have attracted significant attention as a means of studying intrinsic interactions of biomolecules in the absence of solvent to further understand fundamental aspects of protein folding. Examination of gas-phase structure/ conformations of protein ions has primarily been studied by ion mobility [4, 5] and gas-phase hydrogendeuterium exchange [6] [7] [8] [9] [10] methods, with some recent studies [11, 12] using the "gentle" dissociation process of electron capture dissociation (ECD) [13] . In addition, unfolding and folding transitions of gas-phase ions have been studied by exciting the ions via laser irradiation [8, 11, 12] or energetic collisions [5, 8, 9] followed by analysis of structure/conformation by the aforementioned methods. The advantages of studying gas-phase ions is that one is able to study not only "naked" ions' intrinsic physical and chemical properties, but also the stepwise solvation of these ions [14 -16] .
We have recently developed a new method for studying the time-dependent behavior of gas-phase protein ions. In this approach we store ions in a Paul geometry ion trap for variable amounts of time and follow the structural transitions by analyzing the conformations of electrosprayed ions by a combined ion mobility/time-of-flight analysis [17, 18] . In this study we show evidence for structural transitions of the ϩ9 charge state of cytochrome c that involve unfolding and refolding while ions are stored in the ion trap. The gas-phase structure of cytochrome c has been the subject of a number of published reports [5, 8, 9, 11] . The following data provide a look at some transitions and timescales that may be general to those found for proteins stored in ion traps. Such insight may eventually be useful in understanding fragmentation pathways-especially those involving nonergodic excitation methods.
Experimental
Equine cytochrome c (Ͼ95% purity; Sigma, St. Louis, MO) ions were produced by electrospraying a 20-M solution (in 49%:49%:2%, water/methanol/acetic acid) at atmospheric pressure. Ions enter a differentially pumped desolvation region (2.0 torr) before being extracted into a vacuum region and focused into a quadrupole ion trap (R.M. Jordan, Grass Valley, CA) containing 10 Ϫ3 torr of 300 K He. Experiments are initiated by accumulating a 5-ms ion packet in the trap. These ions are stored for a variable time (ranging from 10 ms to 10 s). After the defined storage time they are ejected into a drift tube/quadrupole mass spectrometer for analysis [17, 19] . The drift tube contains 2.0 torr of 300 K He buffer gas. The pulse of ions drifts through the gas under the influence of a uniform electric field and different conformations (for a specific charge state selected by the quadrupole mass spectrometer) are separated because of differences in their collision cross sections with the buffer gas [20] . Compact conformers have smaller cross sections (and thus shorter drift times) than elongated conformers. In these studies, the drift times (ϳ3-5 ms) are orders of magnitude shorter than the storage times; thus, the transitions that are observed are caused by changes in structure that occur in the trap. Minor changes in structure that might occur during the 3-to 5-ms drift times would have no major effect on the observed transitions because, as the data show, the transitions take 10's of milliseconds or more to occur.
Compared with the previous study of cytochrome c using this ion trapping/ion mobility method, [17] , we have expanded the storage time over which the ions can be observed from 200 ms to 10 s. In addition, these experiments have been performed while minimizing the injection energy from the ion trap to the drift tube to minimize structural transitions resulting from collisional heating [4, 21] as ions enter the drift tube. Previous studies of the time required for ions to equilibrate to a temperature in an ion trap have been performed by McLuckey and his collaborators [22] . , and E (⍀ ϭ 2220 Å 2 ), in accordance with previous nomenclature [17] . We do not observe the more compact A state for the ϩ9 charge state; however, it is present for lower charge states. At short times the distribution is dominated by the compact B state. This is the only feature observed from 10 to 30 ms, suggesting that ions emerge from the electrospray droplet in relatively compact conformations. Although the cross sections observed are similar to that calculated for the native solution structure (1339 Å 2 , [4] , probably this is not the same structure, especially considering that the solution composition from which the ions were electrosprayed would not stabilize the native structure in solution. ECD data [11] show extensive cleavage of the ϩ9 ion, which would not occur if the native solution structure was present in the gas phase: ECD allows intramolecular noncovalent bonds (such as those present in the native folded protein) to remain intact while still dissociating the peptide backbone.
Results and Discussion
The distribution obtained at 250 ms ( Figure 1 ) shows that elongated conformers (D and E), as well as a less populated, broad distribution of the C conformer are formed at longer trapping times. In this case compact ions have unfolded while stored in the trap. The populations of the D and E states decrease by 5000 ms. At the same time, the fraction of ions having ⍀ ϳ 1600-1800 Å 2 have increased. Thus, apparently some of the elongated ions (D and E states) have refolded at long storage times. Other charge states observed in these experiments (ϩ6, ϩ7, ϩ8, and ϩ10, not shown) showed unfolding transitions but no evidence of refolding transitions under the conditions studied. They follow similar trends as those shown for ubiquitin, [18] in which lower charge states show less unfolding over time than higher charge states. A more detailed understanding of the transitions shown in Figure 1 can be obtained by examining the populations of different states over the entire storage time range, as shown in Figure 2 . The relative contributions of each peak to the total distribution were obtained by integrating the area under each of the conformer peaks observed by using the experimental peak shapes to fit the data. The B, D, and E peaks were fit and subtracted from the total distribution; the remaining relatively broad distribution was assigned to the multiple C/F conformers.
The B state rapidly unfolds (by 60 ms) to the more elongated structures; however, it does not disappear entirely (ϳ10% of B-type ions persist to very long times), indicating the presence of a second very stable [4, 24] . The distribution of C conformers is broader than the dashed peak calculated from the transport equation for a single conformer. The broad peak requires that a distribution of at least four different F type conformers with similar cross sections is present. conformation having the same cross section as the one that has unfolded. At 250 ms the C state is at 37% abundance and the more elongated D and E states are at relative abundance of 33 and 21%, respectively.
Between 250 ms and 5 s, the remaining compact B state has decreased slightly to 5%. The relative abundance of the conformers with cross sections near that of the C state has increased to 57%, whereas the contributions from the elongated E state has decreased to 10% (the D state decreased slightly to 28% before leveling off). This indicates that the elongated conformers (D and E) have refolded to more compact states. The broad shape of this peak indicates that D and E states refold to multiple structures having cross sections that are similar to the C state. Beginning at 250 ms, the curve for C in Figure 2 has been labeled as F because probably the ion population at the drift time of the C state is from a conformer that has a similar cross section but is instead a different structure that can not be resolved from C. We also have performed experiments in which the ϩ9 ion was mass selected in the ion trap as described previously [23] , during which the resultant collisional heating drove the ion to unfold and favor primarily the elongated conformers (D and E, with a small peak corresponding to C). When these ions were stored for extended time periods, they too refolded to the more compact F states. Thus, there is strong evidence that F can be formed from D and E, suggesting that this conformation has the same cross section but a different folded structure than C. We can not rule out, however, that C and F have similar structures.
The long time associated with formation of the more compact F state indicates that it does not come directly from the compact B state or directly from solution. Instead, apparently, compact ions must first unfold to relatively extended states before refolding to the more compact F states. Presumably, this is a result of conformational restrictions that prevent the entire population of B ions from directly forming F. These elongated intermediates may relieve steric restrictions associated with direct conversion from the initial to the subsequent compact states. Additionally, the new structures that are formed appear as a broad peak, indicating that over the timescale that has been studied, refolding in the gas phase is generating new more compact species that have a range of similar cross sections; thus, refolding to this point appears to lead to less specific species than folding of this protein in solution.
We note that we have also performed molecular dynamics calculations for cytochrome c ions (having a number of different charge site assignments) and have calculated many cross sections for the structures that we have observed. In the end, these calculations still have not provided clues that provide more insight about the unfolding and refolding transitions observed here; therefore, we do not show any proposed structures for intermediates or final structures that are observed experimentally. Instead, Scheme 1 uses some hypothetical "cartoon" structures to illustrate the transitions that are observed for the ϩ9 ion on storing electrosprayed ions in a trap. This scheme shows that some states are accessible by multiple pathways (B ¡ C, D, and E) while other steps are relatively specific (D and E ¡ F). This approach can provide information about the timescales and numbers of different states associated with formation of large ions as they emerge from solution and then evolve into new gas-phase structures. Overall, the process in which structure is established in the gas-phase ions shows some similarities with mechanisms for structural formation in denatured to native transitions observed in solution [1] [2] [3] . An interesting (but still unresolved) issue involves the kinetics associated with the initial unfolding of state B. This process appears to involve an induction period as observed previously [17, 18] . For a system of isolated molecules this is a very unusual behavior and we are aware of no examples of this type of delay before a concerted transition. In an unpublished work (2002), Jarrold and Clemmer have proposed that such a process might involve a large number of small transitions that occur over similar activation barriers, either by sequential or parallel steps; in such a model after a critical number of steps, the compact state becomes unstable and opens up to a more open conformation with a measurably larger cross section. We do not develop this model here because we still have not ruled out the possibility that the internal temperature of the population of ions is influenced during storage in the trap. McLuckey and his coworkers have shown that 10's of milliseconds are required for internal ion temperatures to equilibrate to that of the buffer gas [22] near the transition times here.
Finally, we note that in this system, timescales for unfolding and refolding are about seconds, rather than microseconds to milliseconds, as observed in solution. The timescales observed in our results are comparable with those obtained earlier by McLafferty and coworkers [11] using laser-induced unfolding studied by ECD. They observed refolding of ϩ9 cytochrome c ions in an Fourier transform ion cyclotron resonance (FT-ICR) cell over a timescale of 120 s, compared with our timescale of 10 s. Their data show that the ECD spectra obtained 120 s after laser excitation are similar to spectra recorded without laser excitation, confirming that the ions have refolded 120 s after being denatured. Possibly both of these experiments are observing similar structural changes. Because of the timescale required for the FT-ICR experiments, the B state may be absent from their zero delay spectra, but the C, D, E, and F states may be what are observed during their unfolding and refolding transitions. In addition, recent FT-ICR results show distinct conformations that do not interconvert even after storage times of many minutes, [8, 9] , showing that even at long times gas-phase ion structures have not yet reached equilibrium. We are currently developing variable temperature methods (and also extending these measurements to longer trapping times) to try to find the final favored structures of ions in the gas phase as well as developing a combined labeling and mobility technique to further study the structural transitions observed for cytochrome c.
